To gain further insight into the role of adipocyte mitochondria in systemic lipid metabolism, inflammation and insulin sensitivity in humans and to provide a better understanding of the mechanisms of action of the peroxisome proliferator-activated receptor gamma agonist pioglitazone. SUBJECTS/METHODS: Mitochondrial DNA (mtDNA) copy number, mitochondrial distribution, mitochondrial and overall cellular protein abundances as well as intrinsic mitochondrial function of subcutaneous adipocytes were assessed by real-time quantitative PCR, MitoTracker staining, global proteomics analyses and NADH cytochrome c reductase activity in insulin-sensitive, normalglucose-tolerant (NGT) individuals and age, gender, adiposity-matched insulin-resistant individuals with abnormal glucose tolerant (AGT) before and after 3 months of pioglitazone treatment. RESULTS: mtDNA copy number/adipocyte and mtDNA copy number/adipocyte volume were~55% and~4-fold lower in AGT than in NGT, respectively, and correlated positively with the M-value of euglycemic clamps and high-density lipoprotein, and negatively with fasting plasma triglyceride, tumor necrosis factor-α and interleukin-6 levels in the entire cohort. mtDNA copy number/ adipocyte volume also correlated positively with plasma adiponectin. Pioglitazone, which improved insulin sensitivity, plasma lipids and inflammation, increased the mitochondrial copy number, and led to a redistribution of mitochondria from a punctate to a more reticular pattern as observed in NGT. This was accompanied by disproportionately increased abundances of mitochondrial proteins, including those involved in fat oxidation and triglyceride synthesis. Pioglitazone also increased the abundance of collagen VI and decreased the abundance of cytoskeletal proteins. NADH cytochrome c reductase activity of isolated adipocyte mitochondria was similar in AGT and NGT and unaltered by pioglitazone. CONCLUSIONS: Adipocyte mitochondria are deficient in insulin-resistant individuals and correlate with systemic lipid metabolism, inflammation and insulin sensitivity. Pioglitazone induces mitochondrial biogenesis and reorganization as well as the synthesis of mitochondrial proteins including those critical for lipid metabolism. It also alters extracellular matrix and cytoskeletal proteins. The intrinsic function of adipocyte mitochondria appears unaffected in insulin resistance and by pioglitazone.
INTRODUCTION
In adipocytes, mitochondria play an essential role in many pathways that can have systemic effects. During nutrient uptake, adipocyte mitochondria must provide acetyl-CoA derived from glucose metabolism as substrates for de novo fatty acid synthesis and the subsequent packaging of fatty acid as triglycerides in lipid droplets.
1 Cytosolic glycerol-3-phosphate, a central metabolite connecting glycolysis, lipogenesis and oxidative phosphorylation, is regulated by the glycerophosphate shuttle, whose function highly depends on the activity of mitochondrial glycerol-3-phosphate dehydrogenase. 2 Moreover, ATP is required for insulin signaling, and hence for the antilipolytic effects of insulin. 3, 4 Lastly, mitochondrial function is linked to the secretion of adiponectin, 5 which exerts anti-hyperglycemic and insulin-sensitizing effects. Abnormalities in adipocyte mitochondrial content and/or function may hence result in dysregulated cellular and systemic lipid metabolism as well as increased secretion of pro-inflammatory factors that can have detrimental effects on local and systemic insulin sensitivity. Indeed, in animal models of insulin resistance, mitochondria are reduced in white adipocytes, [6] [7] [8] and adipose tissue is characterized by decreased expression of genes associated with mitochondrial ATP production, energy uncoupling, mitochondrial ribosomal proteins, outer and inner membrane translocases, and mitochondrial heat-shock proteins. 7 This was coupled with reduced expression of transcription factors and nuclear receptors involved in mitochondrial biogenesis and impaired fat oxidation and respiration. 7 Exercise and peroxisome proliferator-activated receptor gamma (PPAR-γ) agonists, which both increase insulin sensitivity, increased mitochondrial content, reversed most of the reductions in gene expression and improved mitochondrial function. [6] [7] [8] [9] [10] [11] However, the systemic role of adipocyte mitochondria in humans is unclear. In healthy lean to morbidly obese humans, mitochondrial number per cell in adipose tissue was found to correlate strongly with adipocyte lipogenesis ex vivo but not with whole-body insulin sensitivity when adjusted for age and body mass index (BMI). 12 In contrast, mitochondrial number and gene expression of the nuclear transcription factor PGC-1 alpha were found to be reduced in adipose tissue from insulin-resistant individuals with type 2 diabetes (T2D) compared with insulinsensitive normal-glucose-tolerant individuals; pioglitazone treatment in the T2D subjects increased the mitochondrial number and the expression of factors involved in mitochondrial biogenesis and fat oxidation. 13 However, interpretation of these findings is limited due to uncontrolled glycemia and greater age and adiposity of the T2D subjects compared with the control subjects as well as the improved glycemia with pioglitazone treatment. Using unbiased global proteomics analysis, we recently reported significantly reduced abundance of several mitochondrial proteins in subcutaneous adipocytes of typical insulin-resistant individuals compared with insulin-sensitive individuals, but these reductions were less pronounced when insulin-resistant and insulin-sensitive subjects were matched for adiposity. 14 In addition, proteomics studies using two-dimensional gel electrophoresis did not detect increased mitochondrial proteins in subcutaneous adipose tissue of obese healthy individuals after rosiglitazone treatment 15 possibly due to methodological limitations. 16, 17 Lastly, little is known about the intrinsic function of adipocyte mitochondria in human insulin resistance and its associated dysregulated lipid metabolism and inflammation.
Therefore, to further our understanding of the role of adipocyte mitochondria in human systemic metabolism, we examined the mitochondrial number, density, distribution and protein abundance of subcutaneous adipocytes as well as the intrinsic adipocyte mitochondrial function in insulin-sensitive individuals with normal-glucose tolerance and insulin-resistant individuals with abnormal glucose tolerance (AGT) before and after pioglitazone treatment. Furthermore, with the opportunity of global proteomics analyses by one-dimensional gel electrophoresis followed by high-performance liquid chromatography-electrospray ionization tandem mass spectrometry (which is more sensitive than the two-dimensional gel electrophoresis) used for the measurement of mitochondrial protein abundances, we sought to gain better insight into the molecular mechanisms of action of the PPAR-γ agonist in human adipocytes in vivo.
MATERIALS AND METHODS

Subjects and study design
Seven insulin-resistant individuals with AGT and 13 insulin-sensitive individuals with normal-glucose tolerance (NGT) completed the study. AGT subjects had impaired fasting glucose and/or an elevated 2-h plasma glucose concentration during a standard oral glucose tolerance test of 4140 but o 250 mg dl − 1 to minimize the effect of glucose toxicity that would be reduced by pioglitazone treatment. None of the AGT subjects had previously been diagnosed with T2D. NGT subjects had normal fasting and 2-h plasma glucose concentrations according to ADA criteria. 18 Subjects with abnormal liver function, kidney disease, thyroid dysfunction, alcohol or drug abuse, or who were taking medications known to affect glucose metabolism or adipose tissue were excluded. AGT subjects were treated with pioglitazone for 3 months, administered at a dose of 30 mg per day for the first 2 weeks followed by 45 mg per day for the remaining treatment period. In NGT and AGT subjects before and after pioglitazone treatment, body composition was measured by DEXA (Lunar Podigry; General Electric, Madison, WI, USA), a biopsy of abdominal subcutaneous fat was obtained, and insulin sensitivity was assessed by a 2-h hyperinsulinemic-euglycemic clamp as previously described. 14 The study was approved by the Institutional Review Board of Arizona State University and was carried out in accordance with the principles of the Declaration of Helsinki. All subjects gave informed written consent prior to any procedures. The study was registered at clinicaltrials.gov (NCT01165190).
Analytical procedures
Fasting serum concentrations of total cholesterol and triglycerides were measured by a photometric method; high-density lipoprotein (HDL) was measured by a homogeneous enzymatic assay and low-density lipoprotein was calculated using the Friedewald equation. Plasma non-esterified fatty acids (NEFA) were measured by a colorimetric kit (NEFA-C; Wako Pure Chemicals, Osaka, Japan). Plasma adiponectin, tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6) levels were measured by a bead-based multiplex assay using a Luminex analyzer (Luminex Corporation, Austin, TX, USA).
Biopsy samples of adipose tissue were immediately dissected free from vasculature and adipocytes were isolated as previously described. 14, 19 Cell diameter. Isolated adipocytes were mixed well, placed on a siliconized glass slide in a silicone well and covered with a glass coverslip. Cell diameter was measured manually using phase contrast microscopy (BX51; Olympus Inc., Hicksville, NY, USA) at × 10 magnification and Image J 1.46r version (NIH, Bethesda, MD, USA). About 200-300 cells were measured for each NGT subject and AGT subject before and after pioglitazone treatment.
Adipocyte mitochondrial number, density and distribution, and intrinsic mitochondrial function. The ratio of mtDNA to nuclear DNA in adipocytes, which reflects the cellular mitochondrial number, was determined by quantitative reverse transcriptase PCR as previously described. 13 DNA was isolated from adipocytes according to the manufacturer's protocol (Qiagen, Valencia, CA, USA). A~120 nucleotide-long mtDNA fragment within the gene for NADH dehydrogenase subunit 1 (ND1; forward 5′-TGCGAGCAGTAGCCCAAACAAT-3′ and reverse 5′-TGTGCTGTGATAAG GGTGGAGA-3′) was used for quantification of mtDNA and a~120 bp region of the nuclear gene for glyceraldehydes-3 phosphate dehydrogenase (GAPDH; forward 5′-AAGGAAATGAATGGGCAGCCGT-3′ and reverse 5′-AAAGCATCACCCGGAGGAGAAA-3′) (both Integrated DNA Technologies, London, UK) was used to normalize results. Amplification was performed on a MyIQ (BioRad Laboratories, Hercules, CA, USA). Adipocyte mitochondrial density was calculated by dividing the mtDNA to nuclear DNA ratio by the adipocyte volume assuming spherical shapes.
Patterns of distribution of adipocyte mitochondria were examined by live cell imaging using MitoTracker Green FM (Invitrogen, Carlsbad, CA, USA). Following incubation of adipocytes with 100 nM MitoTracker Green at 37°C for 30 min, a single in-focus section was acquired by fluorescence microscopy (Zeiss Axiovert 200 M equipped with Xcite light source and DAPI/FITC/rhodamine filter sets). Approximately 30 adipocytes were assessed per sample.
To assess the intrinsic function of adipocyte mitochondria, the rotenonesensitive activity of NADH cytochrome c reductase of isolated mitochondria was measured by a spectrophotometric assay as previously described. 20 Proteomics analyses. Adipocyte proteomics analyses were performed by one-dimensional gel electrophoresis followed by high-performance liquid chromatography-electrospray ionization tandem mass spectrometry using a hybrid linear ion trap (LTQ)-Fourier Transform Ion Cyclotron Resonance (FTICR) mass spectrometer (LTQ FT; Thermo Fisher, San Jose, CA, USA) fitted with a PicoView nanospray source (New Objective, Woburn, MA, USA) as previously described. 14, 19 Data analyses and bioinformatics were performed as in Xie et al. 19 Normalized spectral abundance factors were used to determine protein abundance 21, 22 as previously described. 19, 23 Criteria for protein identification included detection of ⩾ 2 unique identified peptides and a probability score of ⩾ 99%, based on Scaffold analysis. Only proteins detected in ⩾ 50% of the 14 proteomics analyses, a common threshold, [23] [24] [25] and that differed in mean abundance ⩾ 1.5-fold between before and after pioglitazone treatment were subjected to statistical analyses. Genecards confidence level 5 was used to assign proteins to cellular locations. Unpaired Student's t-tests were used for comparisons between the NGT and the AGT subjects. Variables were tested for homogeneity of variance by the Levene test; those with unequal variance were log transformed prior to the comparisons. Paired Student's t-tests were used for comparisons of AGT subjects before and after pioglitazone treatment. In addition to the Student's t-tests, Wilcoxon signed-rank tests were used to compare proteomics data before and after pioglitazone treatment since about half of the proteins did not meet the assumption of normality. Frequencies of increased and decreased levels of proteins located in mitochondria, the endoplasmatic reticulum and the nucleus as well as all adipocyte proteins in response to pioglitazone were compared by Fisher exact probability tests. The sample size was based on the finding of significant mitochondrial effects of pioglitazone in human adipocytes (N = 5 subjects) in vitro. 26 Proteomics data of the insulin-sensitive NGT subjects in comparison to insulin-resistant individuals have previously been reported.
14 All statistical analyses were performed by SPSS Statistics Version 20 (IBM Corp., Armonk, NY, USA).
Adipocyte mitochondria in human insulin resistance X Xie et al RESULTS Demographic, physical and metabolic characteristics of NGT subjects and AGT subjects before and after pioglitazone treatment Compared with the NGT subjects, AGT subjects before pioglitazone treatment had a similar gender distribution and were of similar age; body weight and BMI were greater but percent body fat was virtually identical. As expected, AGT subjects before pioglitazone treatment also were approximately 50% less insulinsensitive and had increased fasting and 2-h postprandial plasma glucose concentrations and increased HbA1c. Fasting plasma concentrations of NEFA, triglycerides, IL-6 and TNF-α as well as plasma NEFA concentrations during the last 30 min of the hyperinsulinemic clamp were also increased, whereas plasma HDL cholesterol and adiponectin concentrations were decreased ( Table 1) . After 3 months of pioglitazone treatment, AGT subjects had gained on average approximately 2 kg, although percent body fat was not significantly altered. Fasting plasma glucose and HbA1c were slightly but statistically significantly decreased and insulin sensitivity was improved approximately 35%. Fasting plasma NEFA and triglycerides were approximately 50% and 20-25% reduced, respectively, while HDL cholesterol was about 6% increased. Plasma adiponectin was approximately twofold increased; TNF-α and IL-6 were approximately 20-25% reduced (Table 1) .
Increased adipocyte size, decreased adipocyte mitochondrial content and altered distribution in insulin-resistant AGT subjects are reversed by pioglitazone treatment Prior to pioglitazone treatment, adipocyte diameter was approximately 30% greater in AGT subjects than in NGT subjects (135 ± 9.3 vs 104 ± 6 μm, P o 0.008), which translates to a more than twofold greater adipocyte volume. Three months of pioglitazone treatment significantly reduced the adipocyte diameter to 97 ± 7 μm (P o 0.0001), a value numerically slightly below that in NGT.
Using MitoTracker Green staining, adipocyte mitochondria of NGT subjects appeared as punctuate structures distributed throughout the cytoplasm with an increased concentration near the perinuclear region in approximately 80% of the cells and as tubular, reticular structures in approximately 20% of the cells. In AGT subjects before pioglitazone treatment, mitochondria predominantly appeared as punctuate structures, which changed towards a more tubular, reticular pattern after pioglitazone treatment ( Figure 1 ). The mtDNA copy number per adipocyte was approximately 55% reduced in AGT subjects before pioglitazone treatment compared with the NGT subjects (P o 0.003) (Figure 1 ). Considering cell size, this translates into an approximately fourfold reduced mtDNA copy number per adipocyte volume. Pioglitazone increased, albeit did not normalize, the adipocyte mtDNA copy number approximately 1.4-fold (P o0.01) (Figure 1 ) but normalized the mtDNA copy number per adipocyte volume (P = 0.7). In the entire cohort of NGT and AGT subjects prior to pioglitazone treatment, the cellular mtDNA copy number and the mtDNA copy number per adipocyte volume correlated positively with the M-value (r = 0.57, Po 0.02 and r = 067, P o0.004), and plasma HDL (r = 0.55, P o0.03 and r = 060, P o0.02), and negatively with fasting plasma triglyceride levels (r = − 0.48, P o0.05 and r = − 0.50, P o 0.04), TNF-α (r = − 0.62, P o0.008 and r = − 0.58, P o 0.02) and IL-6 (r = − 0.41, P o 0.1 and r = − 0.50, P o 0.04); mtDNA copy number per adipocyte volume but not the cellular mtDNA copy number correlated positively with adiponectin levels (r = 0.49, P o0.05). These correlations persisted after adjustment for age and percent body fat (Table 2) . No significant correlations were observed between mtDNA copy number and fasting plasma NEFA or suppression of NEFA during the clamp.
Mitochondrial proteins are overrepresented among proteins that are increased in abundance by pioglitazone treatment A total of 856 proteins were assigned in ⩾ 7 of the 14 proteomics analyses (Supplementary Table S1 ). Of these proteins, 213 were attributed to mitochondria, of which 28 (13%) were ⩾ 1.5-fold increased and 5 (2.3%) were ⩾ 1.5-fold decreased after pioglitazone treatment. To determine how specifically this overrepresentation relates to proteins of mitochondria compared with those of other organelles, we also probed proteins attributed to the endoplasmatic reticulum (N = 103) and the nucleus (N = 329) for Adipocyte mitochondria in human insulin resistance X Xie et al changes in abundance. Of these endoplasmatic reticulum and nuclear proteins, an approximately equal number were increased or decreased ⩾ 1.5-fold (both P o 0.003 vs mitochondrial proteins), similar to the total of 856 proteins assigned in ⩾ 7 proteomics analyses (P o 0.001 vs mitochondrial proteins) (Figure 2 ).
Intrinsic function of adipocyte mitochondria is similar in NGT and AGT subjects before and after pioglitazone treatment To determine whether the intrinsic function of adipocyte mitochondria is altered in IR or by pioglitazone, mitochondria were isolated from adipocytes and the rotenone-sensitive NADH cytochrome c reductase activity was measured. Enzyme activities, reflecting complex I and complex III activities where reactive oxygen species production predominantly occurs, 27 were similar between AGT and NGT and unaltered by 3 months of pioglitazone treatment (Figure 3) .
Effect of pioglitazone on global adipocyte protein abundance in AGT subjects Global proteomics analyses were performed on isolated subcutaneous adipocytes from AGT subjects before and after 3 months of pioglitazone treatment to further our understanding of the molecular mechanisms of actions of thiazolidinediones in humans. Of the 856 proteins identified in ⩾ 7 of the 14 proteomics analyses, 151 were altered in abundance ⩾ 1.5-fold. Of these 151 proteins, 40 were statistically significant by paired Student's t-test or the Wilcoxon sign-rank test (P o 0.05; Table 3 ). Twenty-two were increased in abundance; 18 were decreased. Of the former, nine were mitochondrial in location, of which several were involved in lipid metabolism, beta-oxidation and oxidative phosphorylation, including cytochrome b-c1 complex subunit 8 (gene name UQCRQ), glycerol-3-phosphate acyltransferase 1, mitochondrial (gene name GPAM), ubiquinone biosynthesis protein COQ9, mitochondrial (gene name COQ9), ATP synthase subunit b, mitochondrial (gene name ATP5F1), and long-chain specific acyl-CoA dehydrogenase, mitochondrial (gene name ACADL). Other proteins of interest significantly increased by pioglitazone include the extracellular matrix proteins collagen, type VI, alpha-2 and alpha-3 (gene names COL6A2 and COL6A3), and prohibitin (gene name PHB) a protein involved in transcriptional regulation and mitochondrial function. Proteins significantly decreased by pioglitazone were adenosine kinase (gene name ADK) and cytoskeletal proteins, including tubulin (gene name TUBB2A), spectrin (gene name SPTAN1) and myosin (gene name MYH10). Unexpectedly, less abundant were also low-density lipoprotein receptor-related protein 1 (gene name LRP1), which is involved in the clearance of triglyceride-rich lipoproteins, and long-chain fatty acid-CoA ligase 3 (gene name ACSL3), which activates long-chain fatty acids for synthesis of cellular lipids and degradation via betaoxidation.
DISCUSSION
We targeted insulin-sensitive NGT individuals and insulin-resistant AGT individuals without frank hyperglycemia matched for age, gender and adiposity to further our understanding of adipocyte mitochondria in insulin sensitivity and their role in insulin sensitization by thiazolidinediones independent of major confounders, including significant improvement in glycemia. 28 There are several important findings from our study. First, using mitochondrial staining techniques and quantitative real-time PCR, we found an altered cellular distribution and a significant diminution of adipocyte mitochondria in the AGT individuals compared with the NGT individuals, and that the adipocyte mitochondrial content correlated positively with insulin sensitivity and fasting plasma HDL concentrations and negatively with circulating pro-inflammatory factors and fasting plasma triglyceride concentrations in the entire cohort. Pioglitazone treatment in the AGT subjects, which increased insulin sensitivity, decreased circulating pro-inflammatory factors and improved plasma lipids as expected, led to a redistribution of mitochondria towards normal, increased the abundance of mitochondrial proteins but not the abundance of proteins of other cellular loci and increased the adipocyte mitochondrial number about 1.4-fold. In combination with the reduced adipocyte size, this led to a normalization of the mitochondrial number per adipocyte volume. Assuming a requirement for mitochondrial mass proportional to cell size, these findings suggest that pioglitazone stimulates mitochondrial biogenesis to a level adequate to meet cellular demands. Kaaman et al. 12 reported that the mitochondrial copy number per cell in adipose tissue correlates strongly with adipocyte lipogenesis ex vivo but not with whole-body insulin sensitivity when adjusted for age and BMI. In a study by Bogacka et al., 13 adipose tissue mtDNA copy number in T2D individuals was lower than in NGT individuals and normalized by pioglitazone treatment, but differences in age, adiposity and glycemic control between groups of subjects, and the marked improvement in glycemic control by pioglitazone treatment might have confounded these results. Further, adipose tissue mitochondrial copy number is heavily influenced by the number of stromal vascular cells, since the mitochondrial copy number per cell in adipose tissue is approximately 15-fold lower compared with the mitochondrial copy number in adipocytes. 12 Thus, our findings establish for the first time that a reduced mitochondrial content in adipocytes is associated with whole-body insulin sensitivity independent of age, gender, adiposity, glycemic control in humans and that the PPARy agonist pioglitazone increases the mitochondrial content irrespective of improved glycemic control. To our knowledge, the latter had not been previously demonstrated in vivo in any species due to the hyperglycemic models studied. However, it is consistent with the increased mitochondrial biogenesis and content in response to PPAR-γ agonist treatment in 3T3L1 adipocytes and human adipocytes in vitro. 26, 29 We recently reported significantly reduced abundance of a number of mitochondrial proteins in subcutaneous adipocytes of typical insulin-resistant individuals compared with insulin-sensitive individuals, but that these reductions were less pronounced when insulin-resistant and insulin-sensitive subjects were matched for adiposity. 14 Here we demonstrate that mitochondrial proteins are overrepresented among the proteins increased in abundance by pioglitazone consistent with the increased adipocyte mitochondrial content. In contrast, in the only proteomics study thus far investigating the effect of thiazolidinediones on adipose tissue in humans, no significant increases in mitochondrial proteins were observed after 2 weeks of rosiglitazone treatment in obese healthy individuals. 15 This may be due to differences between the thiazolidinediones used and the length of treatment but more likely differences in the proteomics techniques. While we employed an unbiased highly sensitive global proteomics approach, two-dimensional gel electrophoresis in combination with electrospray ionization-liquid chromatography-tandem mass spectrometry as used in Ahmed et al., 15 is significantly limited in the comparison of mitochondrial protein abundances as it is relatively inaccurate in protein quantification and very restricted in the detection of low abundance, very hydrophobic, extreme molecular weight and extreme pI proteins. 16, 17 We assessed intrinsic mitochondrial function by measuring the rotenone-sensitive NADH cytochrome c reductase activity of isolated adipocyte mitochondria. Although this assay just reflects complex I and complex III activity, reactive oxygen species, which are largely responsible for the adverse metabolic consequences of nutrient overload, high-fat diet and obesity, 30, 31 are predominantly produced at these sites. 27 Our observation that rotenonesensitive NADH cytochrome c reductase activity of isolated adipocyte mitochondria was similar between AGT and NGT subjects and unaltered after 3 months of pioglitazone treatment therefore suggests that intrinsic mitochondrial function in Figure 3 . NADH cytochrome c reductase activity of isolated adipocyte mitochondria in NGT subjects (N = 13) and AGT subjects before and after 3 months of pioglitazone treatment (N = 7).
adipocytes is not a major modulator of systemic insulin sensitivity in humans.
With the opportunity of global proteomics analyses, a secondary aim of the present study was to better understand the mechanisms of action of the PPAR-γ agonist in adipocytes at a molecular level. As mentioned above, we found preferential increases in mitochondrial protein levels after pioglitazone treatment. Consistent with previously reported changes in gene expression, 13, 32, 33 this included several involved in fat oxidation and triglyceride synthesis, which may be involved in the improvement in systemic insulin sensitivity and lipid metabolism. Aside from mitochondrial proteins, we unexpectedly found markedly increased abundance in collagen VI (A2 and A3 isoforms), a highly enriched component of the extracellular matrix in adipose tissue. 34 Results from cell culture experiments, knockout mouse models and human adipose tissue biopsies have implicated collagen VI in fibrosis and metabolic dysregulation in obesity at least in part due to restricted expansion of adipose tissue during states of excess caloric intake; [35] [36] [37] [38] further, pioglitazone, which alleviates the metabolic dysregulation in obesity, decreased adipose tissue COL6A3 mRNA in T2D patients. 37 Potential explanations for these seemingly conflicting findings are that collagen gene expression is 4-to 12-fold greater in the stromal vascular fraction than adipocytes in humans, 36 indicating that cells within the stromal vascular fraction rather adipocytes are the main source of adipose tissue collagen. Alternatively, it is possible that pioglitazone reduces the secretion of collagen VI into the extracellular space such that it accumulates within adipocytes and that changes in mRNA levels do not translate into corresponding changes in protein levels.
Another novel finding is the decreased abundance of cytoskeletal proteins in adipocytes after pioglitazone treatment, which we had previously found to be increased in insulin-resistant individuals.
14 Interestingly, we also had observed increased microtubule-related proteins but decreased mitochondrial proteins in insulin-resistant skeletal muscle in an earlier proteomics study. 23 Since interactions between the cytoskeletal network and mitochondria play critical roles in mitochondrial fusion and fission, Adipocyte mitochondria in human insulin resistance X Xie et al morphology, localization as well as function, 39 these observations not only suggest the existence of such reciprocal changes across several tissues but also a possible link between cytoskeletal and mitochondrial changes in insulin resistance and the response to thiazolidinediones.
Lastly, we found that pioglitazone reduced the adipocyte abundance of adenosine kinase, an enzyme that converts adenosine into AMP and ADP using ATP as a phosphate donor, which stimulates lipolysis and reduces lipogenesis. 40, 41 This reduced abundance is in keeping with the decreased plasma NEFA concentrations and the increased subcutaneous adipose tissue by thiazolidinediones. Unexpectedly, less abundant were also low-density lipoprotein receptor-related protein 1, which is involved in triglyceride-rich lipoprotein clearance, and long-chain fatty acid-CoA ligase 3, which activates long-chain fatty acids for synthesis of cellular lipids and degradation via beta-oxidation. However, we obtained the adipose tissue biopsies at a time when the major metabolic effects, including adipose tissue expansion, of pioglitazone have already taken place. 42 Therefore, these reduced abundances might have been compensatory, and different results might have been observed at an earlier time point. Of note, caution should also be applied in interpreting the proteomics data as we subjected 151 proteins to statistical analysis, of which 40 were significant (P o0.05). This resulted in a false discovery rate of approximately 19%, similar to several previous proteomics studies. 14, 43, 44 In summary, the present study indicates that the mitochondrial content of subcutaneous adipocytes is deficient in insulin-resistant individuals and correlates with systemic lipid metabolism, inflammation and insulin sensitivity independent of age and adiposity. Pioglitazone induces mitochondrial biogenesis and reorganization, and alters extracellular matrix and cytoskeletal proteins in adipocytes in insulin-resistant individuals. In contrast, the intrinsic function of adipocyte mitochondria appears unaffected in insulin resistance and by pioglitazone. These findings provide new information about the role of adipocyte mitochondria in whole-body metabolism and the molecular mechanisms of action of thiazolidinediones in humans.
